Thermal diffusion of cations has been studied in face-centered cubic Li2S04 containing small amounts of other sulfates (temp, range 590 -750 °C), in body-centered cubic LiAgS04 containing about 0.5% of other alkali sulfates (450-550 °C) and in body-centered cubic LiNaS04 (546 to 588 °C). For the fee systems the size of the added cation was of great importance for the thermal diffusion. Thus, for the small Na + and Ag + ions, the Soret-coefficients (a) are of the order of only 10 -4 degr. -1 . The direction has not been established with certatinty, although there are indications that Ag + , and also Ca 2 *, are enriched on the cold side, while Na + might be slightly enriched on the hot side. There is a significant enrichment of the large alkali ions (K + , Rb + , Cs + ) on the hot side; o=-2x10 -3 degr. -1 for K + . In some experiments with these large alkali ions phase boundaries were intersected, and the large ion was always enriched in the high-temperature phase.
In this laboratory we have been concerned for several years with transport properties of cubic modifications of solid sulfates as well as with thermal diffusion in molten salts and metals. Both these lines of interest were united in our study of the isotope effect for thermal diffusion in fee lithium sulfate 1 , and as an extension of previous work in both fields we decided to study thermal diffusion of cations in fee and bcc sulfates. Serious problems at the beginning of this investigation were the lack of diffusion data and reliable phase diagrams for most of the systems to be studied. Recent diffusion measurements 2-4 and phase diagram determinations [5] [6] [7] simplify the interpretation of the experiments.
Experimental
In principle, the arrangement is to keep a temperature difference between the top and bottom part of a salt column for some days 1 . The length of the salt column is about 4 cm. Analytical grade chemicals were used without further purification. A batch of salt of a certain composition was prepared by mixing, melting, quenching and grinding. An amount of salt from such a batch was filled into a Vycor glass cell placed in an auxiliary furnace. While the salt was molten, the cell was moved over to the main furnace, which had been adjusted to the desired temperatures. The salt solidified rapidly, and the initial composition was the same along the whole column 8 . The duration of an experiment was usually of the order of 100 hours, and after quenching, samples from the top and the bottom of the column were analysed by means of atomic absorption or flame emission spectrophotometry 9 .
Definitons and Equations
The Soret coefficient, o, can be defined in several ways, e. g. [1967] .
where N is the equivalent fraction of the solute cation and T is the temperature, with subscripts H and C referring to the hot and cold side, respectively. Some authors prefer to define the thermal diffusion factor, a, from the relation 10 where in our notation
In all our experiments AT = TR -TC is less than 20% of T\[, so we have approximately o = In QfAT .
If Q is close to unity, (5) is approximately equal to (1). Although the choice between using (1) or (5) is, in principle, a matter of convention, Soret coefficients estimated from (5) are more sensitive to the accuracy of the chemical analysis for cases when the concentration of the solute becomes very small at the cold side. We thus prefer to use (1) as the definition of o. This is in agreement with our previous practice n .
In some experiments (those with bcc LiAgS04) there were more than two cation species. For ions present in minor concentrations we define the Soret coefficient as 1
The two terms in the numerator are reversed in comparison with Eq. (1), since the sign convention is that o is the positive when a light component is enriched on the hot side, and Li2S04 is the solvent in all cases when Eq. (1) is used, but Ag2S04 is considered as the solvent for the ternary mixtures. A further entity is the heat of transport, Q*, which is of basic importance for interpreting thermal diffusion experiments by means of theories based upon the thermodynamics of irreversible processes. The original relationship between Q* and a requires knowledge of chemical potentials 12 . However, for convenience, "apparent heats of transport" are defined by means of the steady state concentration gradient 13 . The relation between the apparent heat of transport, <?app and the Soret coefficient is
where R = the gas constant. The sign convention is that the heat of transport is positive for a component that is enriched on the cold side.
The thermal diffusion coefficient, D', is defined as D' = o D, where D is the (isothermal) diffusion coefficient of the species in question. For a comparison of different transport properties we shall introduce a thermal diffusion transport rate (e. g. moles/cm 2 s), which for a given temperature gradient, is proportional to D' c, where c is the concentration (moles/cm 3 ) of the component in question.
Since we now are giving a report on obtained results, without attempts to quantitative interpretations, only the Soret coefficients will, in general, be given in this paper.
In the definition of the Soret coefficient the concentrations AH and N,c correspond to the steady state. The approach to this state follows approximately the relation 14
where we shall call ot the transient Soret coefficient, which is calculated by inserting the concentrations at the time t in Eq. 
If, instead, the volumes of both reservoirs are negligible: o = h 2 \n 2 D .
Results
For most experiments the duration is about 100 hours. This time was chosen on the basis of an early determination of the self-diffusion coefficient of Li + in lithium sulfate 15 . The actually measured, transient Soret coefficients, ot, will be report-ed here. For nearly all the systems considered here, diffusion coefficients are now available 2~4 , although most of them have been measured at somewhat different concentrations than the thermal diffusion experiments have been done at, e. g. the diffusion of impurities in fcc-Li2S04 has been studied at very low concentrations.
More than 60 cells were investigated, usually with similar conditions for some 2 -4 cells, see Tables  1 -3 , where the results are presented. For each group average values are given for the temperatures (ZH , 7"c), duration (t) and usually also the concentrations (AH , Ac) . However, in a few groups the concentrations were spread over the ranges quoted in the tables. Table 1 contains those experiments with monovalent ions for which it is evident from the phase diagrams 5 ' 6i 16 that the whole cell was held within the same phase. For Ag + and Na + it is not certain that thermal diffusion has caused any changes in concentration, although there is an indication that Ag has been enriched at the cold side, and that Na Regarding the system Li2S04 -CaS04 , it might be expected from MÜLLER'S phase diagram 17 . (A more recent one gives only the liquidus curve 18 ) that the samples taken at the top of our column correspond to a two-phase region, but on the other hand conductivity measurements indicate that other divalent ions (Mg 2+ , Cd 2+ , Ba 2+ ) are soluble in lithium sulfate 19 , and the ionic radius is about the some for Ca 2+ as for Na + . Thus, we assume that also the experiment with Ca 2+ corresponds to a single phase.
There are three possible cation positions in the fee sulfate lattice: two tetrahedral, and one octahedral. The space available in these positions depends on the spatial orientation of the sulfate ions (1. c. 20 ' 21 ). However, the free space at an octahedral position is always considerably larger than at the tetrahedral ones. If the small Li-ions are gradually replaced by other, larger ions, which only can fit into octahedral positions, we can expect that this influences the sulfate lattice. This effect should become stronger, the larger the radius of the added cation is. It has also been found that the mechanical properties of the salt (measured as an apparent viscosity) change drastically, when the concentration of K + , Rb + or Cs + exceeds a certain limit 5 A represents a phase isomorphous to a-Li2S04 , and C is a two-phase (solid-liquid) region. The transition from A to B corresponds to the mentioned change in mechanical properties. Finally, the transition from A to D has only been found for Cs + (at 615 °C). Table 2 contains the cells for which one or more phase boundaries were intersected. As can be seen from the three cells which were taken out already after 10 -15 min the initial concentration was, at least approximately, the same along the whole column. The four Rb + -cells with times ranging from 10 min to 198 hours (lines 5 -8 in for impurities (Table 3) . The results for the impurities are to be considered as qualitative, both since the accuracy of the analysis is low, and since impurities might in part have been introduced during the experiment due to reactions between the salt and the glass cell. Self-diffusion coefficients of the two cations of LiAgS04 have been measured recently 4 . Z)LI and D\s coincide within experimental error, being about 0.63 X 10~5 cm 2 s -1 at 500 °C, and we can assume that the diffusion coefficient of impurity Na + does not differ much from those measured for the main constituents. As an average for all 12 cells we obtain ot(Li) = (0.65 ± 0.07) x 10~3 degr. -1 , while we shall only consider the cells with 0.5% Na for ot(Na). Depending on whether the reservoir is considered as infinitive, Eq. (9), or negligible we obtain the following limits for the Soret coefficients: 0.8<oLiX10 3 <1.7 and 1.2<oXax 10 3 <2.7 .
While the enrichment of Li and Na on the hot side is significant, the direction is not established with certainty for K and Rb, although there is an indicaa-Li-2S04 bcc (Li, Ag)oS04 molten sulfates molten nitrates Ref. Table 4 . A compilation of some transport properties for different classes of solid and molten salts. Due to the considerable difference in melting points and decomposition temperatures of the considered salts, it was not always possible to make the comparison at a common temperature, but for two adjacent salts, e. g. AgNOa and LiNOs , the temperature ranges covered by the measurements always overlapped to some extent. The duration of the experiments ranged from 96 to 240 hours. For these cells the column was divided into eight samples, which all were analysed. It was not possible to say for certain if a separation of the two cations had occurred, and we concluded that 1 X 10 -3 degr. -1 should be considered as the upper limit of the Soret coefficient.
Discussion
The apparent heat of transport is rather small in most of the systems. Thus it is of the order of 0.2 kcal/equivalent for Na and Ag in fcc-Li2S04 , i. e. about the same as for the isotope effect studied previously For K^ in fcc-Li2S04 it is about 3.6 kcal per equivalent, which is comparable with typical results for e. g. impurities (substitutional as well as interstitial) in metals 13 .
In Table 4 some transport properties are compared for solid (fee and bcc) and molten sulfates and molten nitrates. Regarding the thermal diffusion transport rate, which is proportional to D', see above, we shall neglect the fact that the diffusion coefficient D is not the same for each cation in a considered phase, and for simplicity the Soret coefficients will be compared for the fee phase and the melt, while O N is compared for the bcc phase. When comparing two species the thermal diffusion transport rate is considered to be largest for the one that is enriched on the hot side. Regarding the electrotransport data in Table 4 , the equivalent conductivity, A, is given for pure salts, while for mixtures relative ion mobilities have been obtained in two ways. Thus, direct measurements of ion mobilities 28 [1967] . 36 The experimental accuracy was not sufficient to check whether the direction of thermal diffusion might the reversed at very low concentrations.
which it is assumed as a first approximation, that the mobilities of the different ionic species are not affected by a small change in concentration 19, 31, 32 . E. g. this means that the mobility of the added cation is higher than that of Li + , if the conductivity is higher in the mixture than in pure Li2S04 .
In addition to the sulfate systems discussed here, other examples of cubic structures with a high degree of ionic conductivity are known 33_35 . Of these, those with a bcc lattice seem to have a higher degree of disorder than the fee ones 33 . It is thus not surprising that there is a difference regarding the direction of thermal diffusion between fee sulfate systems on one side, and bcc sulfate and molten salts on the other side, and that the fee phase also differs from the two other phases when the conductivity is considered. Thus Rb and K that tend to enrich at the hot side in the fee phase, cause an increase in the electrical conductivity if their concentration exceeds a critical limit. However, the fact that, when K2S04 is added, the effect of impurities on conductivity reverses its sign somewhere between 0.75 and 1.0 mole %, indicates a fundamental difference in the mechanism of electro-and thermal transport [36] [37] [38] . The third type of measurements for which a change of sign is found when going from the fee solid to the melt is direct ion mobility determinations. Thus, both from electromigration experiments 28 and transport number studies 29 , it is found that the heavy ion (K + or Ag + ) has a higher mobility than Li + in the fee phase, while the reverse is found for melts with (nearly) the same concentration. In the medium concentration range the Li + ion has nearly the same mobility as the Ag + ion in the solid (bcc LiAgS04) as well as in the melt 29 ; it appears as if the more abundant ion has the higher mobility in both phases, i. e. that there is no change in relative mobility when the bcc sulfate melts. (This latter statement is made with some reservations for mixtures with less than about 45% Ag2S04 , c. f. cit. 29 .)
Considering thermal diffusion in the bcc and molten phases, the light component is enriched on the hot side. (The transport direction for K + and Rb + in the bcc phase is uncertain, see above.) This direction (o>0) is the most common one for thermal transport in binary solid, liquid or gas mixtures 13 ' 39 ' 40 , although transport in the opposite direction (o<0) can also be explained. The Soret coefficient is always found to be positive for isotope effects, including solid and molten salts n ' 24 and solid and molten metals 41 * 42 . While a sufficient agreement regarding sign and magnitude often has been found between experimental and calculated Soret coefficients, there are discrepancies in other cases. For condensed phases, i. e. mainly liquids, each of the proposed models seem to have been applied to only one class of liquids (molten metals, aqueous electrolytes, organic liquids, etc.) for which it has been sought for a correlation between thermal diffusion and some other physical property (such as activation energy of viscous flow) ; it is not possible as yet to check whether any of these previously used correlations might hold also for solid sulfates. On the other hand the compilation in Table 4 might suggest a correlation between thermal transport and electrotransport for solid and molten salts, but such a correlation does not exist for some molten alloys for whidi both thermal diffusion and electromigration have been studied 43 ' 44 .
For the Li2S04-rich (fee) phase, diffusion and conductivity measurements support the view that the Li + -ions normally are situated in tetrahedral positions, and that most of the octahedral positions are vacant 19 . Two features of this model are that the Li + ions are placed in positions where the available space is relatively close to the estimated ion volume, and that a symmetrical cation distribution (relative to the anion lattice) is obtained. It might be worth noting that a symmetrical distribution is maintained if two Li + -ions share an octahedral position, leaving both of the tetrahedral positions vacant, but that this possibility does not exist for larger cations. In thermal diffusion is related to activation energies
